Background: The Brain Atrophy and Lesion Index (BALI), a semi-quantitative rating scale, has been developed to evaluate whole brain structural changes in aging and Alzheimer's disease (AD). Objective: This study describes a standard procedure to score the BALI and train new raters for reliable BALI evaluation following this procedure. Methods: Structural MRI of subjects in the Alzheimer's Disease Neuroimaging Initiative dataset who had 3.0T, T1, and T2 weighted MRI scans at baseline and at 6, 12, and 24 month follow-ups were retrieved (n = 122, including 24 AD, 51 mild cognitive impairment patients, and 47 healthy control subjects). Images were evaluated by four raters following training with a step-by-step BALI process. Seven domains of structural brain changes were evaluated, and a total score was calculated as the sum of the sub-scores. Results: New raters achieved >90% accuracy after two weeks of training. Reliability was shown in both intra-rater correlation coefficients (ICC ≥ 0.92, p < 0.001) and inter-rater correlation coefficients (ICC ≥0.88, p < 0.001). Mean BALI total scores differed by diagnosis (F ≥ 2.69, p ≤ 0.049) and increased consistently over two years.
INTRODUCTION
Multiple structural brain changes, such as global atrophy and white matter lesions, are common in older adults; they are more common still, and more severe, in people with dementia [1] [2] [3] [4] . Importantly, brain changes can interact with each other and have additive impact on cognition [5] [6] [7] [8] [9] [10] . To facilitate the evaluation of whole brain health in aging and dementia, taking into account multiple structural changes, a magnetic resonance imaging (MRI)-based semi-quantitative whole brain rating scale, i.e., the Brain Atrophy and Lesion Index (BALI), has been developed [11, 12] . The BALI evaluates several common structural changes in the aging brain in combination, by integrating several existing rating schema that focus on more specific/focal brain changes [13] [14] [15] [16] . These changes include gray matter lesions (e.g., cortical infarcts) and subcortical dilated perivascular spaces (GM-SV), deep white matter lesions (DWM), periventricular white matter lesions (PV), lesions in the basal ganglia and surrounding areas (BG), lesions in the infratentorial compartment (IT), and global atrophy (GA). An "other findings" category records other possible changes (e.g., neoplasm, trauma, and malformations) [11, 12] . In contrast to volumetric measurements (of individual structures) that can be time consuming and/or require specialized expertise, the BALI provides a quicker alternative, permitting the evaluation of global brain health. The BALI has been shown to be reliable with content, criteria, and predictive validity [17, 18] . These features make it promising in both clinical and research settings.
BALI has been validated based on either T1 or T2 weighted MRI (T1WI and T2WI), and for use with both high field (3.0T) and conventional (1.5T) systems [17, 18] . Earlier studies demonstrate high correlation of the BALI scores with age and global cognitive testing scores; the BALI differs significantly among people with mild Alzheimer's disease (AD)/mild cognitive impairment (MCI) and cognitively healthy aging, and is associated with AD biomarkers [11, 12, 17] . Changes in BALI allow modeling of the dynamics of brain aging: despite an average decline, stabilization is common and sometimes improvement can be seen [19] , providing a perspective on the interplay between harmful and protective factors in relation to brain health.
To date, BALI scoring has been performed solely by experienced neuroradiologists. As a standard procedure for brain image evaluation using BALI has not been defined, it is unknown whether new learners, novel to the method, can rate BALI. To improve its accessibility, tests on whether other qualified researchers, e.g., researchers with basic knowledge of human brain anatomy and MRI, can master the method with proper training are needed. Here, we report a standard procedure to enable robust structural MRI evaluation. Our primary objective is to describe the step-by-step process of BALI scoring, using either T1WI or T2WI (each is typically acquired in neuroimaging datasets). We also examine how well the BALI rating can be performed by raters who are new to the method following training, and address the most error-prone aspects in executing T1WI and T2WI evaluation by providing examples and practical solutions.
MATERIALS AND METHODS

Data
Data used in the preparation of this article were obtained from the Alzheimer's Disease Neuroimaging Initiative (ADNI) database (http://adni.loni.usc.edu) [20] with permission. The ADNI was launched in 2003 by the National Institute on Aging (NIA), the National Institute of Biomedical Imaging and Bioengineering (NIBIB), the Food and Drug Administration (FDA), private pharmaceutical companies and non-profit organizations, as a $60 million, 5-year, public-private partnership. The primary goal of ADNI has been to test whether serial MRI, positron emission tomography, other biological markers, and clinical and neuropsychological assessment can be combined to measure the progression of MCI and early AD. Determination of sensitive and specific markers of very early AD progression is intended to aid researchers and clinicians to develop new treatments and monitor their effectiveness, as well as lessen the time and cost of clinical trials. The Principal Investigator of this initiative is Michael W. Weiner, MD, VA Medical Center and University of California -San Francisco. ADNI is the result of efforts of many co-investigators from a broad range of academic institutions and private corporations, and subjects have been recruited from over 50 sites across the U.S. and Canada. The initial goal of ADNI was to recruit 800 subjects but ADNI has been followed by ADNI-GO and ADNI-2. To date these three protocols have recruited over 1500 adults, ages 55 to 90, to participate in the research, consisting of cognitively normal older individuals, people with early or late MCI, and people with early AD. The follow up duration of each group is specified in the protocols for ADNI-1, ADNI-2, and ADNI-GO. Subjects originally recruited for ADNI-1 and ADNI-GO had the option to be followed in ADNI-2. For up-to-date information, see http://www.adni-info.org. Participants who were randomized for 3.0T scans were first screened at 1.5T for the inclusion/exclusion criteria [20] [21] [22] . For this study, T1WI and T2WI of all ADNI-1 subjects who had 3.0T scans at baseline and at 6, 12, and 24-months were retrieved (Table 1 ; n = 122; women = 49.2%; mean age = 75.6 ± 6.8 years at baseline; AD = 24, MCI = 51, healthy controls (HC) = 47). In addition to MRI data, clinical assessment data were obtained from the ADNI clinical dataset. These included the Mini-Mental State Examination, Clinical Dementia Rating scale, and the Alzheimer's Disease Assessment Scale -cognitive subscale. Diagnostic categorization, i.e., AD, MCI, and HC, was made by ADNI site physicians in accordance with the National Institute of Neurologic and Communicative Disorders and Stroke/Alzheimer's Disease and Related Disorders Association (NINCDS/ADRDA) criteria and was reviewed by ADNI clinical monitors [22] [23] [24] . For the subjects with cerebrospinal fluid (CSF) biomarkers tests, the Amyloid beta 1-42 peptide (A␤ ), phospho-tau and total tau protein data were obtained [25] .
Brain images
Both T1WI and T2WI were evaluated. T1WI is commonly acquired in both clinical and research datasets for anatomy, tissue segmentation, and registration purposes. On T1WI, the CSF has low signal intensity (SI) and appears dark. Normal GM has lower SI than normal WM, and lesions typically have reduced SI, compared to background tissue, on T1WI. In this ADNI sample, the T1WI scans were 3D MP-RAGE (TR/TE = 2300-3000/3 ms; flip angle = 8-9 • ; slice thickness = 1.2 mm; 256 reconstructed axial slices).
T2WI is also widely used, especially in clinical settings, to detect pathological changes. On T2WI, the CSF has high SI and appears bright. Normal GM has higher SI than normal WM. Lesions typically have increased SI, compared to background tissue, on T2WI. In this dataset, the T2WI scans were 2D FSE/TSE (TR/TE = 3000-4000/96-99 ms; flip angle = 90 or 150 • ; slice thickness = 3 mm; 48 axial slices).
Rating of Brain Atrophy and Lesion Index (BALI)
The BALI is a semi-quantitative measurement that integrates information from multiple sources and is well suited to evaluating changes at the whole brain level. To produce a BALI total score, seven categories of brain changes are assessed based on their MRI appearance and localization ( Fig. 1A; Fig. 1B) . Category 1. Gray matter lesions and subcortical dilated perivascular spaces (GM-SV). This category includes lesions located in the GM of the cerebral cortex (e.g., foci of encephalomalacia due to old infarcts) and juxtacortical dilated perivascular spaces located within 4 mm of the corticomedullary junction [3, [26] [27] [28] [29] .
Category 2. Deep white matter lesions (DWM). This category includes lesions located between the juxtacortical and periventricular white matter. These most commonly reflect chronic small vessel ischemic changes [3, 30] .
Category 3. Periventricular white matter lesions (PV). This category includes lesions in the WM, contiguous with the margins of the lateral ventricles and located within 13 mm of the ventricular surface [3] . These most commonly reflect chronic small vessel ischemic changes.
Category 4. Lesions in the basal ganglia and surrounding areas (BG). This category includes the caudate nucleus, putamen, globus pallidus, internal capsule, thalamus, external capsule, claustrum and insular lobes. Lesions here most commonly reflect lacunar infarcts. Dilated perivascular spaces at the ventral aspect of the lentiform nuclei were excluded, given that they are common even in healthy younger adults [31] .
Category 5. Lesions in the infratentorial compartment (IT) including in the cerebellum and the brain stem (the medulla oblongata, pons, and midbrain). Such lesions typically are due to chronic small vessel ischemic changes and lacunar infarcts.
Category 6. Global atrophy (GA). This category assesses the shrinkage of the whole brain and the enlargement of the ventricles and sulci. The highest score is given for atrophy that is most severe in the mesial temporal lobes. Category 7. Other findings. These include other changes such as neoplasm, trauma, normal pressure hydrocephalus, and malformations. (Note that no category 7 lesion was observed in the present dataset.)
A value between 0-3 is assigned to each category, depending on the severity of change, with a higher score denoting greater severity. Values of 4 and 5 are used to capture more severe changes in the DWM and GA categories. When a lesion is intermediate in severity, the lower of the two possible scores is assigned. The BALI total score is then calculated as the sum of the sub-scores of all seven categories (maximum = 25, higher score denoting more severe lesions and/or more categories of lesions; Fig. 1A; Fig. 1B) .
In this study, the images were evaluated by four researchers, including one neuroradiologist with nine years of experience of brain MRI evaluation (Rater #1). Other raters included a PhD neuroimaging scientist who was familiar with the method (Rater #2), a PhD biologist who took part in ageing research (Rater #3), and a graduate student working in dementia neuroimaging (Rater #4). The latter two raters were new to BALI and obtained training with BALI prior to participating in the study. Two additional experienced neuroradiologists familiar with BALI assisted with the training and were available for questions arising during the scoring process.
During rating, images were displayed using the MRIcron software package on a 17-inch computer screen with 1920 × 1080 resolution, and three times magnification. Rating was performed on axial images, with scores in each category assigned in the order shown in Fig. 1A; Fig. 1B . Raters were blinded with respect to the subject's demographics, diagnosis, cognitive testing scores, and scan time. T1WI and T2WI of each subject were assessed separately on different days in random order to minimize recall bias.
Training
A working knowledge of human neuroanatomy and structural MRI is a prerequisite for a new rater [32, 33] . In the present study, the training phase began with study of the BALI rating schema ( Fig. 1A; Fig. 1B) , including text descriptions and image illustrations for both T1WI (Fig. 1A) and T2WI (Fig. 1B) . Trainees were given the opportunity to observe BALI evaluations made by neuroradiologists, as well as the opportunity to practice BALI scoring with expert feedback. This process was completed in an average of 20 working hours. Then, the new raters were assigned 20 training image datasets to evaluate every day without immediate feedback. Their scores were compared daily to those of the neuroradiologists, at which time feedback was provided (Fig. 2) . This process continued until ≥90% agreement with the neurologists was achieved on three consecutive days. Thereafter, each rater was given all of the image datasets and allowed to rate them independently, completely blinded to other raters' scores. Consultations with the neuroradiologists other than for the training images were permitted only concerning the nature of a change, not concerning how such change should be scored with BALI.
Analysis
Intra and inter-rater agreement rates were assessed for BALI total scores using the intraclass correlation coefficient (ICC), applying a two-way (sample, rater) random model, and examined using 100% subjects, and 50%, 20%, 10% random subsampling. To determine intra-rater reliability, BALI rating on T2WI was repeated using 10% random sub-sample following the same schema.
Demographic characteristics across diagnostic groups were examined using the Kruskal-Wallis nonparametric test for interval data (e.g., age) and Chi-Square for categorical data (e.g., gender). Comparisons of the mean values of the BALI total scores and the sub-scores by time and/or diagnostic groups were conducted using ANOVA and the Kruskal-Wallis nonparametric tests respectively. Pair-wise multiple comparisons were tested for least significant difference (LSD). The interrelations of the BALI total scores between T1WI and T2WI at different visit times were examined using correlation analyses. All analyses were performed using PASW 17 and codes developed using Matlab 2013. The level of significance was set at p < 0.05.
RESULTS
Each rater completed the evaluation of the entire dataset (i.e., 122 subjects, 4 time-points, 2 image types; Supplementary Table 1) . Evaluating one image set, i.e., either T1WI or T2WI of a subject, typically took 4-8 minutes to complete, and seldom exceeded 10 minutes. High agreement rates were observed for the total score (intra-rater: ICC ≥ 0.92, 95% confidence interval (CI) = 0.81-0.96, p < 0.001; inter-rater: ICC ≥ 0.91, 95% CI = 0.90-0.94, p < 0.001 between the less experienced raters and the neuroradiologist rater; ICC ≥ 0.88, 95% CI = 0.85-0.91, p < 0.001 between the less experienced raters themselves; Table 2 ). No statistical difference was found for the rater-based subscores (Supplementary Table 1 ).
The mean BALI total scores differed significantly among diagnostic groups, with AD group showing the greatest scores, and HC and MCI-stable groups showing the lowest, which differed significantly even at baseline (F ≥ 2.69, p ≤ 0.049; Supplementary Table 1; Fig. 3 ). The GA subscore differed significantly by diagnosis, whereas other subscores tended to increase with time from baseline, and in subjects with AD (Supplementary Table 1 ). An increase in the mean value of the BALI scores with time (as people aged) was observed in each diagnostic group, consistent across the raters. At 12 months, MCI converters had a similar BALI mean score as did people with AD at baseline (all-rater mean BALI total 11.8 ± 2.7 versus 11.8 ± 2.4 for T1WI, 12.5 ± 2.7 versus 12.3 ± 2.2 for T2WI; ANOVA LSD |t| ≤ 0.08, p ≥ 0.936; Fig. 3 ). The BALI total score significantly correlated with age and the global cognitive testing scores (Supplementary Table 2 ). All subscores were associated with age, while many of the subscores (especially GA, but not IT and GM-SV) were also associated with cognition (Supplementary Table 2 ).
These observations held true using both T1WI and T2WI images (Table 3; Supplementary Table 1) . The T1WI and T2WI images were highly correlated across assessment time and rater, with the T2W1 scores being slightly higher than T1WI (r ≥ 0.91, p < 0.001).
DISCUSSION
This study describes a step-by-step procedure to score the BALI, a global evaluation of several common changes in the aging brain, based on T1WI or T2WI. Our data showed that researchers with a basic understanding of human anatomy and MRI were able to master the method, following training in lesion identification and scoring with the standard procedure provided here. Each rater independently evaluated the images resulting in both high intra-rater consis- Values for BALI are presented as mean ± standard deviation. r: correlation coefficient. Level of significance p < 0.001 for all.
tency and high inter-rater agreement rates. The BALI scores given by each rater differed by diagnosis and strongly related to the clinical assessments, to which they were blinded. The BALI scores were correlated with age and global cognitive assessments, and consistently reflected the trend of average decline of whole brain health over time and MCI to AD conversion. Even though such associations were often also found for changes in the individual BALI categories, combining them in the summary score allowed evaluation of their overall impact on brain aging. In short, our study suggests that MRI-based BALI can serve as a robust method for evaluating whole brain structural changes in relation to age, cognition and AD dementia. The data support the involvement of qualified nonneuroradiologists to score BALI after proper training, suggesting the potential for widespread usefulness of this tool.
As might be expected, less experienced raters occasionally expressed uncertainty and were occasionally found to have made mistakes upon consultation with a neuroradiologist. The following eight errors were most common ( Fig. 2A-H ): 1) Figure 2A : Over-scoring for dilated perivascular spaces when evaluating the BG category. Given the high prevalence of the dilated perivascular spaces in this region in normal persons at all ages, they should not be counted as lesions (unlike foci of chronic small vessel ischemic change, gliosis or demyelination). Raters should be able to differentiate dilated perivascular spaces based on their location at the ventral aspect of the lentiform nuclei, ovoid shape, and CSF signal intensity; 2) Figure 2B : Over-scoring of global atrophy on T2WI. CSF is emphasized on T2WI, and atrophy appears more severe, compared to TIWI. This pitfall is avoided by consistently following the examples of GA rating provided in the BALI atlas (Fig. 1); 3) Figure 2C : Misinterpretation of artifacts as lesions, especially on T2WI in the IT category. Adjusting image brightness can help detect the artifact on the background; 4) Figure 2D : Misinterpretation of the partial volume effect around sulci or ventricles. Tracing structures on consecutive images by scrolling up and down can help distinguish a lesion from a partial volume effect of CSF; 5) Figure 2E : Misinterpretation of subcortical WM lesions as GM lesions. Careful assessment of the location of a lesion with respect to the GM-WM junction can prevent this error. It may help to scroll up and down to localize the lesion with respect to the GM-WM junction; 6) Figure 2F : Misinterpreting lacunar infarcts in the basal ganglia as dilated perivascular spaces when rating the BG category. Lacunes are more often asymmetrical and have an irregular outline, with marginal gliosis on T2WI; 7) Figure 2G : Underscoring of grey matter lesions especially on T1WI. This can be avoided by systematically tracing the cortical ribbon; 8) Figure 2H : Under-scoring periventricular lesions extending to the deep WM, especially superior to the lateral ventricles. The contiguity of WM lesions with the superior margins of the lateral ventricles can be difficult to appreciate on axial images. This pitfall can be avoided by tracing the margins of WM lesions carefully and scrolling the images up and down to establish contiguity with the ventricle.
Our study has some limitations. Neuroradiological expertise is critical during the training phase. Inexperienced raters will occasionally encounter unusual cases where the anatomy, the pathology, or both are difficult to interpret. In such cases, neuroradiological consultation is still necessary for clarification about lesion identification. Here, an important challenge was that only axial images were available in the T2WI dataset. Comparisons on the imaging types prevented them from cross-correlating lesions on multiple planes, as often occurs in clinical radiology. The scores were typically higher on T2WI than on T1WI. This is explained by the fact that most lesions are more conspicuous on T2WI. Occasionally, images fall between two BALI scores, and a judgment must be made with respect to scoring. In such cases, a consistent approach should be taken by all raters involved. In our study, every rater was told to assign the lower one of the two possible scores when there was equipoise between the two scores. This approach is recommended in further research aimed at validating the method. Gray matter lesions were observed relatively less often and their correlations with dilated perivascular spaces have been reported [28, 29] . The juxtacortical white matter and gray matter also have similar vascular supply and can be susceptible to the same ischemic disease [3] . Given that lesions involving either or both gray matter lesions and dilated perivascular spaces can have a similar morphological appearance that might not always be easily distinguished on T1WI and T2WI, they were scored in the same category. Further investigations are needed to understand better their pathological importance. The judgment on lesion size (e.g., "large confluent lesions") may differ for different categories (e.g., DWM versus BG and IT). In this regard, measurement, e.g., in mm, may help, as long as precision and simplicity are balanced. In addition, distributions of lesions in different lobes can be associated with different cognitive domains and differ by diagnosis [34] [35] [36] [37] . How to distinguish these warrants further research focusing on differential diagnosis using BALI.
In spite of these limitations, BALI has several strengths. It has demonstrated content, criteria and predictive validity, and takes only a few minutes to perform, thus offering a relatively efficient way to semi-quantitatively evaluate whole brain health in aging. It is based on structural MRI, which has been an integral part and standard component of the clinical AD assessment of AD dementia [38] . Although recent developments may allow function-based protocols, their clinical roles are yet to be established. BALI scoring is also less affected by imaging parameters and noise. This is an advantage for multicenter trials in which MRI scanners, scan parameters, and image quality often vary from site to site, despite the increasingly reorganized call for standardization of imaging data acquisition and processing [39, 40] . Further, some lesions that cannot be accurately quantified by automated analyses (e.g., segmentation of the basal ganglia regions relies on tiresome manual input due to tissue SI variability), are not a concern with BALI scoring.
Furthermore, the BALI score takes into account both significant and clinically apparent changes, as well as early subtle changes that are seemingly clinically silent. With the advances of high-field MRI technology, subtle imaging changes become more relevant, as they may be indicative of substantial underlying pathology at the histological level. The neuropathological basis of MR findings in aging and dementia can be complex, with multiple processes converging on similar structural changes to mediate cognitive decline [30, 34, 35, 41, 42] . For example, atrophy can emerge from the accumulation of pathological deficits, including loss of synapses, dendritic processes, and neurons [43, 44] . White matter lesions can also involve multiple causes (cerebral ischemia, demyelination, microcystic infarcts, venous collageno-sis, and gliosis) [3, 43, 45] . These may collectively affect cognition, even though individual changes sometimes show little impact. BALI permits evaluation of the collective effect of such changes.
In conclusion, structural brain changes with aging are common, and can be of uncertain importance. In general, individually small effects can summarize to be associated with clinically detectable impacts. The BALI is a straightforward means of summarizing these many changes. In this study, a standard procedure of scoring the BALI was tested for systematic evaluation of whole brain health in aging and AD, and demonstrated high reliability for training new raters. Here, the well-established ADNI dataset was used to validate this process. Further research will be needed for validation with other datasets. This research can allow a better uptake of whole brain health evaluation in aging and AD. 
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